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The study of collisional transitional probablilities for the
de~excitation by inert geses of chemically activated sec~butyl
radicals, excited to internal ecnergiles in excess of %0 keal mvla“i,
has been extended to Hg, DQ, NE’ 002, CHQ, CDBF, GH301 and Sﬁé.
The dlatomic gases dlspley belwavior simllar to the rcare gasses,
and on a preferred exponentlal mcdal of collisfonal transition
probabilities the average amount of energy translerred per clli.
ston 1s AED, . & 1.3 keal mole™l. On a thep-ladder model tre
corresponding amount is /X &£ 2,5 kcal molsr"l. From higher prog.
sure data, the erfflsienc; {assumed AE) for CDBF, G3301 and SF: i
 deduced to be comparable with that for bubtene and on a preferied
step~ladder model, AE > € keal, For 002 znd CHg the behavior i¢
' intermediate. The possille importance of the role of intermal 10«
tation of butyl in facilitating energy trensier is noted; BT

tional modes of the deactivator in the relaxation process&izis,

m uncertainty concerning the role of overall rectations and vibes-
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INTRODUCTION

Earlier papers in this series have described the behavior of

1 and of the rare gasesg as collisional deactivating agents

butene
for vibrationally excited sec-butyl radicals. The latter were pro-
duced by chemical activation.3 Non~equilibrium distributions were
odbtained at vidbrational levels of the ground electronlce state
grouped above 40 kecal mole"ls the radicals could decompose at enw
ergy E > 33 keal mole™l, the critical energy. Collisional degre-
dation below this threshold resulted in stabilizatlon.

Butene was found to remove energy with a collislionzl transi-
tion probability which was distinctly higher for large energzy Jumps
(many kilocalories) than for small ones (a few calories). A stepe
laddexr probablility scheme is a useful descriptive model and AE 2
9 keal mole~l.

The rare gases He, Ne, Ar, Kr on the other hand were chzrac~
terized on a step-ladder model by values which increased with atomic
weight in the range 2.5 - 3.5 keal mole™l. However, an "exponen-
tial" model (actually any model in which very small jumps ars more
probable than larger ones) seems to be a better description. Al-
though subject to the uncertaintices of the details of the model
which the data were not sufficliently precise to dlscern, the results
are usefully described on this basis as giving {AE> = 1.0 - 1.7

keal mole~!
In order to explore the effectd of varying molecular stiucture

for these zases.

and isotopic substitution, these studies have been extended o othexr
inert deactivating gas: the use of the dlatomic molecules Hg, D2
and Ne, the triatomic co2 and polyatomic gzases, CHQ, CH301, GDBF
and svg is reported here. Valuable information on inert gasss of
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varying structure and complexity as dsactlivators of P-napthylamine
and other emitters, at vibrational levels somewhat below these,

has been reported by several sroupo.n"r

EXPERIMENTAL
Materials and Apparatus

The cis-butene-2 purity was described previously. 01!301 and
SPg were Matheson commercial grade and were purified by @LPC) to
99.8% purity. A sample of CD,F was genmudyFﬁdjby Dr. D.
F. Eggers, and was similarly checked by /gas-liquid phase chroma-
togrephy , GLPC . The chemical impurities (< 14) were non~inter-
fering substances (CH, and higher products also). CH;, wes Phillips
research grade of purity 99.6% and was checked by GLPC. 002, 82
and N, were Air Reduction Company assayed reagent grade (> 99.99%)
and were not further treated. D, was obtained from Generel Dynamics
and was of 99.5% purdty. H,, D, and N, were decxygenated over hot
tungsten by heating, as described previously for the rare gases.,
Since the experiments were carried to low pressures (low percentage
stabiligation) only for the diatomic gases, possible oxygen impurity
effects desoridbed in II were not important for the more complex
gases,

Other aspects of the technique were similar to that described
MM]:.;".S

Procedure and Analysis

This also followed the earlier work. The percent reaction
of butene substrete was kept around 5%, and u:i‘er 10% ‘the low
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bolling inert gases, }!2, D2, Ne and, in part, CH,” were separated
from the products by freezing with 1liquid or solid N, and pumping.
coa was removed by absorption on ascarite. Other inert gascs, where
they interfered, were first scparated from the products by GLPC

to a sufficient degree so that analysis of the mixtures could pro-
ceed.

RESULIS

Corrections to the data are similar to those described earlier
in II.

Values of the measured apparent average rate mmatmw,3 k, =
o D/S, were caloulated on the basis of hard-sphere collision cross-
section, o° (Appendix I). Conversion factors for k,, based on other
more appropriate collision oross-sections, are also given in Appen-~
dix I. Rate data for the gas mixtures at 300° K are summarigzed in
Figures 1 and 2. Figure 1 presents k, as a function of S/b for
mixtures of butene with the other inert gases used. The nature of
the technique is such that the inert gas butene, which is themo-
genitor of the sec~butyl radical, is inevitably present in some
amount in the system. The dlatomic molecule mixtures were cis-
butene-2:H, (1114 p, 1:27 o); gis-butene-2:D, (1:14 p, 1:20 ¢) and
gis-butene-2:N, (1129 p, 1121 ¢); and pure gis-butene-2, The sym-
bol p stands for relative pressures, and c for relative collision
numbers on the hard-sphere basis. In Figure 2 are given similar
data for triatomic and polyatomic inert deactivators, cis-butenc-2:
co, (1:30 p, 1:21 ¢), cis-butene-2:1CH; (1:24 p, 1123 ¢), gis-butene-2:
P, (1122 p, 1115 o), gg_-butm-mtm}r (1:27 p, 1120 ¢), and ¢iBs~
butene-2:Cli5C1 (1:20 p, 1114 o) and pure gis-butene-2, The poly-
atomic inert gases were investigated only in the higher pressure
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region; their high efflciency, relative to butene, early lndi-
cated that "turn-up" would scarcely be detectible unless the data
were pushed far into the lower pressure region where accuracy suf-
fioient to reward thee&fort required was not available. Similar
presentations of the data for the diatomic gas mixtures, of the
same dilutions as at 300°, are givem in Pigures 3 and 4 for 195°
and 373° K. The polyatomic gas mixtures were not studied at these
texperaturee.

The figures show that, on the hard-sphere basis employed, ka
increases at all temperatures in the order, pure butene, Na, Da
and H,, with D, and H, being about the same at 195°. The rate con-
stants for the polyatomic gases at 300° are larger for CH, and CO,
than for butene, and for 8’6’ cn,cl and ODB' are equal to or slightly
smller than that for butene.

At 300° and 373°, the lower pressure (lower S/D) measurements
for the Aatomic ga2s mixtures gave tum-~up which Started at approxie
mately the same S/D region as found for the rare gas data of Part
II. No attempt will be made to evaluate the data at 373° quanti-
tatively, both because of the sparcity of the data and especially
because of increased occurrence of secondary and side-reactions.

ANALYSIS OF THE DATA

As in II, the analysis of the data is made in two parts: com-
parison of the magnitude of the observed rate constants with calcu-
lated values in the quasi-constant higher pressure region; and ex-
amination of the turn-up of the apparent rate constant in the lower

pressure region -- for example, by comparison of the funstion
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ka/km with the calculated function k(a)/k(e)nﬁn,
Higher Pressure Region

Two limiting interpretations from the higher pressure region
are glven:

Case Is AEA assumed > 10 kcal,
kypp/kan = (1 - @) + oy, (xz-27)

where B .. 1s an "all-or-nothing" efficiency factor for the inert
gas A relative to butene B, and (1 - a) is the collisional dilution
of the mixture A:B.

Case I1I: Bmin is assumed unity, AEA - Astml.n’ where AEmin is the

minimun amount of energy transferred on a collision. This condi-_,
tion corresponds to an earlier stipulation of Bowen and Veljkowic.

It should be noted that AE for butene is > 9 -~ 10 kcal, in any

case.

5min’ Dependence on 0’2

Average values of Pmin Were obtalned over a range of S/D of
0.5 - 1.5 at 195°, 0.3 -~ 0.8 at 300°, and 0.1 - 0.2 at 373° K,
The Bm values for each rare gas, and thelr dependence on the as-
suned cross-gsections, are given in Table I. Bm and %mr .3 Te-
fer to values obtained from the hard-sphere and Lennard-Jones cross-
sections, respectively (Appendix I). Two less~likely models for
collision eross-sections, thich were designated as o§ and cf_ in 11,
are omitted here but are treated elsewhere.® Both B, . and Bring-7

increase generally with increase of molecular welght and complexity
of the inert gas, except that Bminn for Hy and D, are approximately
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the same at 195° K; this is aubject to error because of the limi-
ted number of runs for D,, but the difference hetween H, and D,

is not marked in any case. Table I reveals the relative invariance
of Bnin with cross-section for the heavier gases. The large effi-
clencies of all polyatomic gases is noteworthy; some megnitudes

are 8lightly in excess of unity, but are subject both to possible
error in assumed cross-sections, and to experimental error.

M’hm" Dependence on o

The quantity k,,n/kt.p 18 compared with the results from a step-
ladder calculation k(s)/k(10), siven previously in Part II, Figure
10. The resul®s are summrised in Table II in terms of AEpnn and

For AEm:m > 5 koal, the step values are only rough estimates
since differences in k(s) become progressively smller, vhile the
ascuracy of the data remains constant. For the heavier complex

'mleculee. Agmn becomes large and equal in order of magnitude to

the value for butene. Methane and carbonddioxide are estimated
to transfer on the average at least half the energy charecteristic
of butene. The AR ,, Values, analogous to the Pmin quantities,
decrease most markedly for the light diatomic gases, and are simi-
lar in magnitude to values found for the gases He and Ne.

Lower Pressure Region
Step-Ladder lModel

Lower pressure "turn-up" functions of the form described in
Part II, ok /i, ., ve S/0 (Pigure 5), were obtained for the gases
By, D, and N, at 300° K. Comparison with the funotion c‘k(s)/k(u)m,
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graphed previously in II, Figure 4, yieldc the average amount of

energy, AE, transferred per collision on a step-ladder model. AE

18 2.5 keal mole™l for all the diatomics H,, D, and N,; these values

are quite similar to those for He and particularly Ne; N, might

have been expected to be characterized by a larger value than for

32 -~ and this is quite possibly so, but the data for N, are limited.

These AE values for H, and D, do not entirely explain the mag-

nitude of their high pressure constants; an efficiency factor of
0.57 similar to those for the rere gases (0.64%), must be invoked.

For N, such a factor 1s not necessary, i.e. unity.

Exponential Model

Por an exponential model of collisional trensition probabili-
ties, described as p,, = ae"203"1) | tne turn-wp corresponds to
{AE> 1.3 keal mole™" for all gases. The exponential model for
Ha and D2 gives more satisfactory agreement of the higher pressure
rate constants with the lower pressure turn-up. For ”2’ from the
last sentence of the preceding section the contrary is evidently
true. This is the only exception found for these atoms and smeller
molecules to the general consensus in favor of the exponential
model, and it is surmised that the exception is only apparent.
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DISCUSSION

Rotational Transitions

6 has presented a model of a collisional complex in

Stevens
terms of the formation of transitional osclllators. Ilinear and an-
gular momentum conservation restrict redistridution of internal en-
ergy between collision partners. A simple case is an atom A with
particle B, both of which h,ave no intrinsic angular momentum, but
where B 18 defined to have internal energy. FPor an inelastic col-
:lJ,s.'n.m'n,9

2.2 2.2
big b
%ui%i-%u—:!i-&v(r)+M=%ut§+%u-—§;2-+v(r) .

Subscripts 1 and 2 designate the conditions "before and after"; AE
is8 the change in internal energy of B; g is the total relative ve-
locity at infinite separation; P 18 the relative radial velocity;

i is the reduced mass; and b is the impact pareameter, defined as
the distance of closest approach in the absence of a potential V{r).
For conservation of angular momentum, b,gq = bog,, and % u.z‘f + AE =
% ub2, 80 that internal energy is exchanged with motion along the
line of centers.

If B may have intrinsic angular momentum then a change of the
system angular momentum I'AB due to the relative motion of the pare
ticles 1s allowed, providing that the total L = I‘AB + LB is con-
served, Thus for a butyl radioal - atom collision, internal energy
may be transferred into rotational energy of the two particle sys-
tem and of butyl itself. This corresponds to the three transitional
modes of Stevens for this case. PFor a butyl radical - diatomic
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molecule collision, five transitional modes arise; while for a
butyl radical - polyatomic molecule collision, six transitional
modes may be active.

On this basis, an appreciable increase in efficiency (i.e. of
‘ AE), for Ha, D2 and Na, relative to the atomic deactivators, may
be expected due to the two additional rotational degrees of freedom
(1.e. two mo/ie' ;mitional modes). Values of Butn 8nd of AE,
(Table IX) f°’,<N2 are only slightly larger, if at all, for the for-
mer two than those of themre gases of similar molecular weight > -

CAE values are known less acou-

rately and therefofe will not be used in this relative comparison.

The relative values of H,, D, and He are in accord with those
of Stevens, and Boudart and Dubais, for the B-napthylamine fluores-
cence system, but differ from those of Neporent and Mirumyants, for
the 3-dimethylamino-6-aminophthalimide system, where D, was found
to be apprecladbly more efficient than H2 and He. For our system,
we conclude that vibrational - rotational transfer may be important
for N, (ef. ref 4) but no gross effects seem to be operative for
H, and D,, relative to He. No gross mass effect exists for H, rela-
tive to D,; the latter is slightly more efficient. Ry contrest,
important rotational effects opposite in direction,on replacement
of H by D have been found in the low energy region for species such
es CH,, oDy, 0 ana K0, D,0.1

The absolute values of AE for H,, D, (1ike He) in the butyl
system are many-fold higher than those found from the fluorescence
atudiea.4'6 Part of the differenc. _.an be accounted for by the
higher energy states and smaller excited molecule under considere-
tion here; part of the discrepancy may be resolved by the different
fluorescence data analysis,in which both a £ = 1 and a hard-sphere
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cross-gection assumptionsseem to enter; (the hard-sphere efficiency
of N, 18 appreciably higher here, 8lso, than on other bases, Some

ofé'le"asons Tor such a difference were considered previously. In ad~
dition, however, there exists another mochanism for energy trans-
fer which may be of greater importance for the present system,which
is now considered.

Under collisional perturbation, some encvrgy of the several ine
ternal rotations of butyl may be converted into overall rotational
energy of the butyl redical (as well as system rotation), without
change of net angular momentum, Such energy transfer from active
internal rotational modes reduces the rate constant, kE This may
be expected to be a facile mode of energy transfer here. For one
NH2 substituent on the massive B-napthylamine frame, the momentum
conservation restriction would not be greatly relaxed and this mecha-
nism should not operate effectively. This model may be tested by
restricting internal rotation with use of alkyl redical such as cy-

clopentyl.

Vibrational Transitions

Stevens6

suggested that transitional modes equilibrate with
vibrational degrecs of freedom of the excited species faster than do
internal vibrational modes of the deactivator. The vibrational fre-
quencies for H,, Dy and N, lie so high that, even on the assumption
of complete equilibration of an intermediate collision complex,
scarcely any effect aue to this vibraetional degree of freedom could
be expected. The large value, AE 2 9 kecal, found for butene and
similar large values for SFG, ODBP and ancl s 88 derived firom the
comparative efficliencies, suggest that vibrational - vibrational

transfer is important for complex polyatomic molecules. Under the
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exclusion of net vibratliocnal - vibrationsl transfer the maximum
average energy transferred from butyl would be (M:)m = 8.3 koal
(for 25 equivalent classical oscillators in the butyl radical at

the energy involved), from the relation <AED = (6425 + 6)) 43 keal.
(Our data provides no criteria for distinetion between polar and
non-polar deactivators. )

6 suggested that internal modes played a role only for
higher alkanes, pentane and hexane, and not for smaller ones in his
system of alkane deactivating gases. Our results for coa and par~
ticularly c'Hu could satisfy a condition of no vibrational-vibrational
energy transfer i1f rotational degrees of freedom were efficient sinks.
However it seems unclear that rotations could be so effective for

Stevens

& molecule such as CH,, vhen they have a lesser effeot for N,, which
has larger moments of inertia.

We believe it probable that, apart from diatomic molecules with
high frequencies, vibrational -~ vibrational trensfer is significant
even for the smaller polyatomices, . Absolute values of
AE for more co'hplex molecules are in reasonable agreement with the
6 or p-napthylamine, where energies transferred
reach 5 koal for complex deactivators at excess vibretionzl ener-

gles of the excited molecule in excess of 24 koal.
A mmber of aspects of this phenomenon await experimental

slarification — particularly the role played by overall rotations,
especially as between diatomic and polyatomic deactivators, and by

internal vibrational degrees of freedom of the energy sink.

fluorescence studies
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Appendix I

Collislon Cross-Sections

A detalled discussion has been given previously in Part II,
Appendix II. o) and &/k glven in Table II are the conventional
6,12 Lemard-Jones parameters. For the hard-sphere potential o
wag set equal to c(h). For the Lennard~Jones potential o was evalu=-
ated using the {2 integral (see 1I) and called ofY,

Collision radii for gec-butyl - inert gas relative to gec~
butyl - cis-butene-2 are listed in Table III for the two potential
models (ofB), anda oL ).
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Yllustrations

Figure 1+ k, v8 S/D for the gases H,, By, N, and gis-butene-2
at 300°K. - 0 are points outside the chosen scalo. The ocurves in
the Pigures i-4 were drewn in so as to pass through such points when
extended beyond the scale. O ,H, 13270} @ ,D, 1120c; (1 N, 11210;
A, gis~bdutene-2.

Hlgyre 2t Xk, v8 S/D for the gases C0,, CHy, SFg, Gl)}f'. w,c:.
and gig-butene-2 at 300°k. O , €0, 11300; @ ,CH, 1124c; W ,8Fg 1:220;

@ . CD,F 112003 [ OH,Cl1 111405 A, sis~butens-2.

Bigure o1 ¥, v8 5/D for the gases H,, Dy, N, and gils-butens-2
at 195°K. O , K, 11270} @ ,D, 112003 (1 ,N, 1:21c; A , pis-butens-2.
Figure 4t Kk, yB 5/D for the gases H,, D,, N, and gis~butene-2
at 373°K. O . K, 11273 @ , D, 112005 [1, N, 1121c5 A , ois-butense2.
Figure 5: Piat of corrected experimental surves of g/ Mamin
X8 3/D. Experimental points left off for clarity. 1 w ¥, 1321,
2 w D, 11208, 3 = K, 11270,
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